In this paper we present design optimization studies of complex fluid dynamic problems involving viscous, turbulent, multi-phase flow phenomena utilizing evolutionary algorithms. The shape optimization process is carried out by utilization of high fidelity CFD based comprehensive framework. The framework comprises of a genetic algorithm based design optimization procedure coupled to the hybrid unstructured CRUNCH CFD ® code and a grid generator. The genetic algorithm based optimization procedure is very robust, and searches the complex design landscape in an efficient and parallel manner. Furthermore, it can easily handle complexities in constraints and objectives and is disinclined to get trapped in local extrema regions. The fitness evaluations are carried out through a RANS based hybrid unstructured solver. The utilization of hybrid unstructured methodology provides flexibility in incorporating large changes in design and mesh regeneration is carried out in an automated manner through a scripting process within the grid generator GRIDGEN. The design optimization procedure is discussed in the context of two representative problems involving multi-element airfoils and cavitating airfoils. The design optimization studies revealed interesting insights on the influence of the stabilizer trailing edge shape on gap flow and lift and torque characteristics of the flap. Design optimization studies in multiphase regimes also correlate the length of cavitation zones with airfoil shapes and its influence on lift.
I. Introduction
Design optimization problems with complex fluid dynamic features such as shocks, turbulence, secondary flow patterns, etc. can be very challenging due to the complicated search landscapes that are involved and the accuracy of the fitness evaluations. Consequently, evolutionary algorithms such as genetic algorithms 1 , evolutionary strategies 2 , and swarm algorithms 3 are better suited to search such design landscapes especially since they may be characterized by non-linearities, discontinuous and/or multi-modal functionals. In the past, optimization problems concerning fluid dynamics have mostly been tackled by gradient-based search methods 4 or adjoint operator methods 5 . Such methods have proven to be very effective for shape optimization of isolated airfoils, turbine and compressor blades with limited design parameters and constraints. The gradient based/control theory approaches have seldom been used when the problem representation becomes complex because of the variables and constraints involved or for complicated flows over multiple components or regimes representative of coupled flow phenomena such as observed in typical external aerodynamic, combustor and turbomachinery flow domains. Population based stochastic methods are supplanting the traditional gradient based methods in fluid dynamic design problems representative of complex landscapes such as system or multiple component optimization that usually involve entire engine configurations or propulsion systems 6 . The fitness evaluations in such problems are usually performed with lower order methods such as potential function formulations, empirical relationships, panel methods etc. 7, . 8 However, such methods usually preclude resolving essential viscous, turbulent and non-linear flow phenomena and such an approach is not appropriate when complex physical flow phenomena such as shocks, shear layers, secondary flow patterns and phase change are involved. For such problems, it becomes imperative to use Navier-Stokes based simulation methodology with embedded sub-models for turbulence and phase change, for fitness evaluation during the design/optimization iterations. However, incorporating a Reynolds Averaged Navier-Stokes(RANS) solver in population based stochastic optimization methods can be prohibitively expensive in terms of turnaround time and cumbersome to implement because of grid generation issues. Such issues arise because of the global changes to geometries, during the design iteration that preclude the use of grid movement methodology during the design/optimization iteration. It should be noted that gradient-based optimization methods utilize automated mesh movement procedures primarily because changes in shape/geometry are perturbations amenable to grid movement. Evolutionary algorithms require a procedure for mesh regeneration to be embedded in the design/optimization cycle since large changes to the shape/geometry could have to be incorporated. Some researchers have completely circumvented the RANS solution procedure during the design iteration by the use of surrogate performance functions or Artificial Neural Networks (ANNs) 9 . In most cases the neural networks were trained with data obtained from simulations of the Navier-Stokes equations. However, the accuracy of the fitness evaluations in such cases is largely dependent on the range and quality of the training data and a strong argument could be made on the validity of this approach for global optimization problems where the optimum designs may exist far from the bounds of the training data.
Our approach in the design optimization effort is geared towards coupling a genetic algorithm based evolutionary optimization procedure with a comprehensive hybrid unstructured RANS framework. The hybrid unstructured RANS solver, CRUNCH CFD ® , allows for the integration of the Navier-Stokes equations on a combination of tetrahedral, prismatic, pyramidal and hexahedral cells. Such flexibility in choice of grid element types, permits efficiency in resolving local flow physics in complex geometrical configurations 10 . More importantly, it helps reduce overall grid size by economically using large tetrahedral cells in inconsequential regions of the flow domain, thereby permitting rapid turnaround time for the evaluation of the fitness functions. The multielement grids are generated through an automated scripting process coupled to the grid generator GRIDGEN 11 . Parallel implementation of the framework permits fitness evaluation of all the designs to be performed concurrently. Furthermore, a parallel implicit solution framework for the RANS solver provides a robust and efficient procedure for fitness evaluations of complex configurations along with associated turbulent and phase change phenomena (e.g. cavitation).
In this paper, we will discuss two examples representative of fluid dynamic flowfields with complex physical phenomena: multi-element airfoils that serve as control surfaces on next generation marine vehicles and cavitating airfoils that are used in marine propellers and cryogenic turbopumps. The multi-element airfoil optimization problem is characterized by important viscous, turbulent effects and secondary flow patterns that set up in the gap region between the flap and the stabilizer (Fig. 1 ) thereby considerably affecting the lift and torque characteristics of the entire system. Sophisticated systems such as the TAC (Tab Assisted Control) and FlexTAC (Flexible Tab Assisted Control) are being devised to replace the flap trailing edge by either a rigid tab or a flexible tab, thereby augmenting the functionality of the control surface 12 . The automated shape optimization discussed here is used to guide the design process of the FlexTAC airfoil by enhancing the lift generated and reducing the torque associated with it. Moreover, we will show in the course of this paper, that design information obtained during an optimization cycle with a population based method can be utilized or recycled for improvements to design with altered design criteria. In this sense, evolutionary algorithms are information preserving and can aid in a dynamic design environment with little additional cost. The multi-element airfoil optimization effort is followed by a discussion on the optimization of cavitating airfoils. Propellers and turbopumps often operate in cavitating flow regimes at offdesign conditions and optimization studies relating multi-phase solutions to shape design can significantly help improve performance.
II. Design Optimization Framework

A. Genetic Algorithms
Genetic algorithms are based on the principles of Darwin's theory of evolution and natural selection. The key ideas of how design unfolds in nature in an efficient, parallel and multi-modular manner satisfying a complex network of constraints, variables and objectives are embodied in the workings of genetic algorithms. Formal presentation of the ideology is based on seminal work of Holland 13 that structures based on chromosome-like string of binary switches could trigger more favorable characteristics in systems if the chromosomes were permitted to interact with other similar structures based on some measure of fitness, thereby, reproduce and mutate leading to offspring systems that were better adapted to the environment.
The design procedure is started by taking a stochastic representation of possible designs from the design space and carrying out fitness evaluations utilizing RANS analyses concurrently on all the designs. Designs evolve with American Institute of Aeronautics and Astronautics the use of the selection, crossover and mutation operators on the design space in manner analogous to evolution in nature. Many variants of these operators exist and in our particular implementation we utilize tournament selection with elitism and uniform crossover 14 . In the Simple Genetic Algorithm (SGA) (see Goldberg 1 ) mutation played a dominant role in avoiding premature convergence in multi-modal design landscapes. However, placing undue reliance on the mutation is inefficient because mutation usually results in designs with lower fitness. Preservation of diversity in the design population is ensured by niching or fitness sharing by sub-populations that define a certain niche in a multi-modal design space. In particular, following the lead of Carroll 14 , we have used Goldberg's multidimensional phenotypic sharing scheme with a triangular sharing function. For multi-objective optimization problems we follow the ranking scheme of Fonseca and Fleming 15, 16 in obtaining the Pareto optimal set of solutions.
The Navier-Stokes simulations are performed with the multi-element unstructured CRUNCH CFD ® code discussed in a following section. The CRUNCH CFD ® code used for fitness evaluations, can simulate multi-phase flowfields with cavitation. Pure incompressible flowfields devolve naturally as a subset of the generalized multiphase system and will be utilized in this paper. Since genetic algorithms effectively search the entire design space, the geometry can undergo radical changes, thereby requiring a new grid to be generated. For each design, a new grid is generated through a semi-automated grid generation procedure utilizing the scripting language in GRIDGEN. The scripting language efficiently reconstructs the grid from the baseline geometry to new designs and is discussed in detail in the following section.
B. AUTOMATED GRID GENERATION
Multi-Element meshes that constitute a combination of hexahedral, tetrahedral and prismatic cells are typically easy to automate because of the fewer number of constraints involved in grid generation when compared to a purely hexahedral structured mesh. Tetrahedral cells can be conveniently used to fill in regions of a mesh where the hexahedral cells might be highly skewed or awkward to mesh. This can be seen in Figure 2 that depicts a multielement mesh used in the optimization problem discussed in the paper. A hexahedral mesh encompasses both the flap and the stabilizer to facilitate capturing the boundary layer, and secondary flow in the gap region. Tetrahedral cells are inserted in regions of the grid where maintaining a pure hexahedral topology is difficult. In this case tetrahedral cells are also used in the outer regions of the domain to cut down on overall mesh size. The automated mesh generation utility in the grid generator GRIDGEN is used to generate any sequence of topologically similar geometries such as those representing the different designs during the evolutionary search process. A scripting language TCL/TK interfaces with the grid generator that permits various facets of the grid generation topology such as grid points, shapes of curves, control points, clustering to be specified as variables. Shape deformation in the form of Bezier control points is passed from the genetic algorithm to the TCL/TK script that invokes the grid generation process. The success of the scripted grid generation process is dependent on the use of the same topology for mesh generation of all the designs involved. Multi-element meshes provide significant flexibility to achieve this without any conflicts or distorted grids. Meshes for the new designs are verified for skewness and positive volumes. The topology is modified to accommodate any cellular distortions automatically.
C. MULTI-PHASE EQUATION SYSTEM
In this section we briefly discuss the equation system. Our multiphase equation system is a superset of the incompressible equations with the distinction that the acoustic information in this system is preserved. Therefore, this framework can be used for problems ranging from the pure incompressible limit to problems with cavitation and problems in the cryogenic limit. This system is well documented in our previous papers 17, 18 and is briefly presented here. The multiphase equation system is written in vector form as:
Here Q is the vector of dependent variables, E, F and G are the flux vectors, S the source terms and D v represents the viscous fluxes. The viscous fluxes are given by the standard full compressible form of Navier Stokes equations (Hosangadi 19 ). The vectors Q, E and S are given below and a detailed discussion on the details of the cavitation source terms is provided in our previously published works 
Here, ρ m and are the mixture density and enthalpy respectively, and φ m h g is the volume fraction or porosity of the vapor phase. The mixture energy equation has been formulated with the assumption that the contribution of the pressure work on the mixture energy is negligible which is a reasonable assumption for this flow regime.
The mixture density and gas porosity are related by the following relations locally in a given cell volume:
where ρ g , ρ L are the physical material densities of the gas and liquid phase respectively and in general are functions of both the local temperature and pressure.
The equation system as formulated in Eqn. (1) is very stiff since the variations in density are much smaller than the corresponding changes in pressure. Therefore to devise an efficient numerical procedure we wish to transform Eqn. (1) to a pressure based form where pressure rather than density is the variable solved for. An acoustically accurate two-phase form of Eqn. (1) is first derived, followed by a second step of time-scaling or preconditioning to obtain a well-conditioned system. We begin by defining the acoustic form of density differential for the individual gas and liquid phase as follows:
Here c g is the isothermal speed of sound ∂P
in the pure gas phase, and c L is the corresponding isothermal speed of sound in the liquid phase, which is a finite-value. We note that in Eqn. (5) the variation of the density with temperature has been neglected in the differential form. This assumption was motivated by the fact that the temperature changes are primarily due to the source term and not by the pressure work on the fluid i.e. the energy equation is a scalar equation. This simplifies the matrix algebra for the upwind flux formulation significantly, at the potential expense of numerical stability in a time-marching procedure. However, more importantly, there is no impact on the accuracy since the fluid properties themselves are taken directly from the thermodynamic data bank for each fluid. Following the discussion above, the differential form of the mixture density ρ m using Eqn. (5) is written as,
American Institute of Aeronautics and Astronautics
Here, c φ is a variable defined for convenience and is not the acoustic speed, c m , in the mixture, which will be defined later. Using Eqn. (6), Eqn. (1) may be rewritten as:
and,
The numerical characteristics of the Eqn. (7) are studied by obtaining the eigenvalues of the matrix, Γ
The eigenvalues of the system are derived to be:
where c m turns out to be the well-known, harmonic expression for the speed of sound in a two-phase mixture and is given as:
The behavior of the two-phase speed of sound is interestingly a function of the gas porosity; at either limit the pure single-phase acoustic speed is recovered. However, away from the single-phase limits, the acoustic speed rapidly drops below either limit value and remains at the low-level in most of the mixture regime. As a consequence, the local Mach number in the interface region can be large even in low speed flows.
To obtain an efficient time-marching numerical scheme, preconditioning is now applied to the system in Eqn. (7), in order to rescale the eigenvalues of the system so that the acoustic speeds are of the same order of magnitude as the local convective velocities.
D. HYBRID UNSTRUCTURED FLOW SOLVER
The multi-phase formulation derived in the previous section has been implemented within a three-dimensional unstructured code CRUNCH CFD ® , a brief overview of the numerics is given here and we refer the reader to References [20] [21] for additional details. The CRUNCH CFD ® code employs a multi-element unstructured framework which allows for a combination of tetrahedral, prismatic, and hexahedral cells. The grid connectivity is stored as an edge-based, cell-vertex data structure where a dual volume is obtained for each vertex by defining surfaces, which cut across edges coming to a node. An edge-based framework is attractive in dealing with multi-elements since dual surface areas for each edge can include contributions from different element types, making the inviscid flux calculation "grid transparent".
The integral form of the conservation equations are written for a dual control volume around each node as follows:
The inviscid flux procedure involves looping over the edge list and computing the flux at the dual face area bisecting each edge. The Riemann problem at the face is then solved using higher order reconstructed values of primitive variables at the dual face. Presently a second-order linear reconstruction procedure (following Ref. 21 ) is employed to obtain a higher-order scheme. For flows with strong gradients, the reconstructed variables are limited to obtain a stable TVD scheme. While the inviscid flux as outlined above is grid-transparent, the viscous flux American Institute of Aeronautics and Astronautics calculation is computed on an element basis since the diffusion of scalars is sensitive to the skewness of the element type. The numerical framework is operational on distributed memory systems for parallel computations. Details of the parallel architecture and viscous flux formulation are described in Ref. 21 .
III. Multi-Element Airfoil Optimization
Shape optimization of the multi-element airfoil utilized as control surfaces for next generation marine vehicles is discussed in this section. The baseline shape consists of NACA 0018 airfoil sections with a stabilizer and a flap section. Since flow recirculation patterns in the gap region between the flap and the stabilizer have a considerable effect on the lift and torque characteristics, shape optimization of the flap and stabilizer elements needs to be performed concurrently. In our studies, the trailing edge of the stabilizer is defined as a cubic Bezier curve with the coordinates of the control points being defined as design variables. Furthermore, the entire curve representing the upper section of the flap is defined as a combination of piecewise Bezier cubic curves. The control points of the Bezier representation also serve as design variables. In all, a combination of seven design variables was considered. Two design variables defined the control points of the Bezier curve representing the trailing edge of the stabilizer and the remaining five variables represented the control points of the piecewise Bezier cubic curves defining the entire surface of the symmetric flap. The curves were defined in such a manner that special emphasis was put on the leading edge (nose thickness) and the trailing edge of the flap and the stabilizer. As the flap geometry is constrained to be symmetric the lower section is extracted as a mirror image of the redefined upper section. Since the aim of the control surface is torque reduction during boat maneuvers, the objective function is defined to be the torque at the largest flap angle of operation (25 degrees). In order to eliminate designs that show reduction in torque with substantial reduction in lift, penalty functions were applied to all designs where the flap lift was less than 20% of the baseline flap lift. The other important constraint taken into consideration was preserving the direction of the torque. Penalty functions were also utilized to discard any designs that changed the direction of the torque from the baseline design. Simulations pertaining to fitness evaluations were performed with the hybrid unstructured Navier-Stokes based CRUNCH solver with a two-equation turbulence model. The simulations were performed with a Reynolds Number of 1.8 million and a characteristic velocity of 3.05 m/s. Flow was assumed to be incident on the multielement airfoil at 6 degrees and the flap angle was set at 25 degrees.
A population size of 16 designs was considered for the genetic algorithm based optimization procedure. All design variables were binary coded. The resulting fitness function based on the torque of the flap asymptotes after the 5 th generation to torque values that are more than three orders of magnitude smaller than the baseline NACA 0018 flap section. The history of the minimum flap torque in every generation of designs is plotted as a function of design iteration in Figure 3 . The pressure distribution on the flap and stabilizer for the design that represents the global minimum flap torque is compared against the baseline pressure distribution in Figure 4 . The main differences between the optimized and baseline designs are at the aft end of the stabilizer and the front end of the flap. The pressure on the suction side of the flap falls to a larger extent for the optimized design whereas the peak on the pressure side has shifted from 67% of total chord for the baseline to 62% of total chord for the optimized design. Furthermore, the pressure at the aft end of the flap gets redistributed on the pressure side resulting in an overall reduction in the torque coefficient from 1.9e-02 to 2.4e-05. The resulting reduction in flap torque can be explained with plots of flowfields (pressure and velocity distribution) of the baseline (Figure 5a-b) and optimized designs (Figure 6a-b) . A comparison of Figures 5 and 6 indicates that the rounding of the stabilizer trailing edge alters the flow in the gap region and consequently shifts the stagnation point on the pressure side of the flap. Furthermore, the increase in thickness of the flap near the nose forces the flow to accelerate on the suction side of the flap and thereby lowering the pressure behind the gap region. The redistribution in pressure observed in Figure 4 is primarily due to the change in loading on the optimized design, which retains its full thickness for most of its chord and then sharply transitions close to the trailing edge. Although the optimized design reduced the flap torque by almost three orders of magnitude, the resulting flap lift coefficient on the optimized design reduced from 0.45 to 0.39. From a practical standpoint, a more attractive design point would be one that provided a reduction in flap torque with an increase in the flap (or flap and stabilizer combined) lift characteristics. Furthermore, sustaining such favorable characteristics over the entire operational range would yield a design far superior to the baseline design currently used in marine vehicles. A survey of the entire design landscape shown in Figure 7 indicates a front of potential design candidates that simultaneously show better force and moment characteristics. The first of these potential candidates labeled C132 has a torque coefficient that is an order of magnitude lower than the baseline design and a flap force coefficient indicates more than 10% increase in flap force coefficient. The second potential candidate labeled C46 in Figure 7 shows a 30% reduction in flap torque while providing more than 20% increase in flap lift. Such a design is useful because it provides an avenue for operating at a lower flap angle to achieve the same lift generated by a 25
American Institute of Aeronautics and Astronautics degree flap angle in the case of the baseline design. It should be noted that the design landscape shown in Figure 7 represents the database of simulations performed for all the design points during the genetic algorithm based optimization for minimizing the flap torque. By analyzing that database for new designs, we are extracting useful information from pre-existing design data that is relevant to the altered design criteria. Ideally, we should have performed another multi-objective design optimization and identified a pareto-optimal family of solutions covering the range of operable flap angles and flow characteristics. However, such an exercise would be prohibitively expensive with Navier-Stokes simulations even for a nominal set of three flap angles with flap force and torque requirements for each angle.
Parametric simulations were performed on the cases identified above (C132 and C46) at three different flap angles (25, 20 and 10 degrees) and the performance was compared against the baseline design(See Figure 8) . Consistent with the findings for the 25 degree cases, the flap lift was found to be either vastly improved or close to the baseline flap design lift. In particular, the design for the C46 case consistently proved to show improved flap lift coefficients over the baseline design (improvements ranged from 15% to 22%) throughout the operating range. The multi-element airfoil design pertaining to C132 showed improvement in flap lift by about 10% over the baseline design at the higher angles, however it deteriorated at the lower flap angles. This deterioration is primarily due to the smaller nose region of the flap, which changes the flow blockage characteristics on the suction side leading to a smaller pressure drop. Although, the flap in the C46 has a similar nose, the taper in that design from the mid-chord to the trailing edge dramatically increases the lift at lower angles in that case. The combined lift coefficients (stabilizer and flap) for all three cases (baseline, C132 and C46) at different operating conditions (varying flap angles) are shown in Figure 9 . The combined lift coefficients follow the same trends as the flap lift coefficient as seen in Figure 8 . The increase in lift at the higher flap angles is accentuated for both the C132 and C46 stabilizer and flap designs. This increase is primarily due to the improvement in the suction side performance on the stabilizer at the higher flap angles. Similarly, the flap torque for the three designs as a function of flap angle is shown in Figure 10 . The flap torque dramatically increases for the baseline design at the higher flap angles of operation. By contrast, the C46 design increases only slightly with flap angle, although it shows an increased flap torque at a flap angle of 10 degrees over the baseline design. Interestingly, the C132 design shows a flat torque profile with variation in flap angle. Moreover, the flap torque is orders of magnitude smaller than the torque for both the other designs. This is a highly desirable feature since it indicates that the power required by the motor to change the operating angle is substantially less during the entire operating regime.
IV. Cavitating Airfoil Optimization
Shape Optimization of airfoils operating in multi-phase flow regimes is discussed in this section. Such airfoil design efforts in cavitating flow regimes are important because of their application to turbopumps operating with cryogenic fluids, where cavitation breakdown significantly affects performance characteristics and in marine propeller systems where cavitation erosion in of primary concern. In our optimization work, the profile of the airfoil was defined as a cubic Bezier curve and the coordinates of the control points were specified as design variables. The shape of the airfoil was assumed to be symmetric and the length of the airfoil was kept constant. The airfoil was operating in water at a 4 degree incidence angle with a freestream cavitation number of 0.6, and a freestream velocity of 12.2 m/s. The baseline design represented a NACA 0012 airfoil profile and the fitness function was defined by lift experienced by the airfoil in the cavitating flow regime. Fitness evaluations were carried out with CFD simulations utilizing a multi-phase version of CRUNCH CFD ® with the multi-phase equation system discussed in section II. Cavitation in this system is triggered by finite rate source terms and the liquid-vapor interface is captured as part of the solution procedure for the mixture Navier-Stokes equation system. This case is particularly interesting because the lift characteristics of the airfoil strongly correlate with the extent of cavitation on the suction side of the airfoil surface. Therefore, it becomes imperative to use a high-fidelity solution procedure that has been extensively validated for cryogenic and cavitating flow regimes(See our published works 17, 18 ) such as the one utilized for fitness evaluations in this paper. Fitness calculations for multi-phase flows are expensive because of more rigorous numerical stability considerations when compared to conventional single phase systems. In our case, fitness calculations for a particular design were initiated from the converged solution of the nearest neighbor in the design parameter space. Each generation in this case consisted of a population of 8 designs and convergence was achieved in 20 generations. Comparison of the pressure distributions and Cp profiles on the airfoil surface between the baseline and optimized designs are shown in Figure 11 and 12. The figures indicate, as expected, a larger thickness distribution such as that seen in the baseline case leads to lower suction side pressure. However, in a cavitating flow regime it also leads to a larger cavitation zone (See void fraction distribution in Figure 13 ) and the pressure in the cavity region equilibrates close to the vapor pressure, thereby reducing the suction performance of American Institute of Aeronautics and Astronautics the airfoil. The axial velocity distributions in Figure 14 show the closure regions of the cavity that are marked by a reentrant jet and a sharp increase in pressure on the suction surface of the airfoil aft of the cavity. Furthermore, the higher pressure on the pressure side of optimal design when compared to the baseline design leads to a net improvement of over 16% for the lift coefficient (0.044 for the baseline against 0.051 for the optimized design).
V. Summary
A comprehensive framework for carrying out design optimization studies of complex fluid dynamic systems has been developed. The framework consists of a genetic algorithm coupled with a hybrid unstructured multi-phase RANS solver and the mesh generator GRIDGEN. The evolutionary algorithm employed in the framework permits global search of the design landscape in a robust manner and permits a complex array of variables and constraints to be specified. Incorporation of a RANS based solver allows the design procedure to take complex flow features such as secondary flows, turbulence, cavitation, etc. into account. The hybrid unstructured RANS procedure allows economy in overall mesh sizes, while permitting increased resolution in regions sensitive to design changes. Furthermore, the hybrid unstructured RANS procedure is very robust and provides fitness evaluations with rapid turnaround time, a key requirement to an efficient design procedure.
The coupled hybrid unstructured RANS framework with the genetic algorithm based design optimization procedure was used for improving the performance of (a) sternplane control surface used in marine vehicles and (b) airfoils operating in a cavitating flow regime. The RANS framework was necessary for this problem because of strong viscous/turbulent effects in the gap region between the stabilizer and flap that comprise the multi-element control surface as well as the onset of cavitation on the suction side of the NACA0012 airfoils.
The multi-element control surface problem definition included both modification to the stabilizer and flap simultaneously, because of the close coupling of the two elements. Design/optimization studies enhanced performance of the multi-element airfoil by identifying designs that reduced operational torque by over three orders of magnitude at the highest angle of attack (25 degrees). Furthermore, a database of relevant designs was maintained during the optimization process and shapes comprising the database were searched to extract designs that satisfied additional design criteria. In particular designs were analyzed and identified that showed a flat torque profile through the entire attack angle range. Furthermore, these designs also showed enhanced lift over most of the operational range. The performance enhancement was mostly achieved by modification of the flow in the gap region between the stabilizer and the flap. Changes to stabilizer shape ensured smooth flow transition between the stabilizer and the flap. Furthermore, peak pressure location on the flap shifted as a consequence, resulting in large reduction of the flap torque. Changes to the trailing edge further attributed to the redistribution in pressure, thereby leading to additional lift along with the reduction in torque. Design optimization studies of the cavitating NACA 0012 airfoil revealed that improvement of lift in cavitating regimes has very different dynamics from that in single phase flows. This is primarily because suction side performance is largely influenced by the extent of cavitation and the local vapor pressure leaving the pressure side performance to largely contribute to enhancement of lift. Subsequently, at the conditions of our investigations airfoils with lower thickness distributions showed improved performance characteristics (lift gain up to 16%) than the baseline NACA0012 design. 
